The effect of pressure on the metal-insulator transition in manganites with a broad range of bandwidths is investigated. A critical pressure is found at which the metal-insulator transition temperature, T MI , reaches a maximum value in every sample studied. The origin of this universal pressure and the relation between the pressure effect and the bandwidth on the metal-insulator transition are discussed. In most of the manganites, the metallic state is coupled to the ferromagnetic state so that the very large magnetoresistance can be explained by double exchange theory.
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Manganites have been the focus of intense studies in recent years since the observation of large magnetoresistance sparked interest in these materials for use as magnetoresistance sensors. The metal-insulator transitions ͑MITs͒ observed in these materials are crucial to the colossal magnetoresistance effect. MITs occur in manganites in two cases: First, a metallic ground state exists in the low-temperature range in some doping systems at certain doping concentrations, In most of the manganites, the metallic state is coupled to the ferromagnetic state so that the very large magnetoresistance can be explained by double exchange theory.
In the parameters determining the complicated properties of the manganites, the e g electron bandwidth W is a particularly important one to the metal-transition temperature T MI , or the appearance of the metallic state under some conditions. In manganites, the Mn 3d orbital is split into t 2g and e g orbitals by the octahedral crystal field. The conductionband electrons are of e g symmetry. Because the e g orbital is Jahn-Teller active for the Mn 3ϩ sites, Jahn-Teller distortion ͑JTD͒ can further split the two-fold degenerate e g orbital to trap the conduction-band electrons. Consequently, the bandwidth is highly correlated with the local atomic structure of the MnO 6 octahedra: Cooperative tilting (MnuOuMn bond angle͒, JTD (MnuO distances͒, and coherence of the JTD. The bandwidth is characterized by the overlap between the Mn 3d orbital and O 2p orbital and can be described empirically by
where W is the bandwidth, ␤ is the MnuOuMn bond angle, and d MnuO is the MnuO bond length. In double exchange theory, it is described as the electron hopping rate or the transfer integral: t i j ϭt i j 0 cos( ij /2), where t i j 0 is the transfer integral that depends on the spatial wave function overlaps and i j is the relative angle between two neighboring Mn ion t 2g core spins. Generally, the structure can be tuned in two ways: Chemical doping and external pressure. In chemical doping, by selecting different doping elements and doping concentration, the average A-site atom size ͗r A ͘ in the AMnO 3 system is changed. Because of the mismatch between ͗r A ͘ and Mnsite ion size, the local atomic structure of MnO 6 octahedra can be modified. Therefore, the bandwidth is tuned by chemical doping so that complicated electronic and magnetic phase diagrams have been observed. 2 The external pressure method is a ''clean method'' that only modifies the lattice structure without inducing chemical complexity. To date, in studies on manganites, the effects of external pressure on the charge ordering, MITs, and magnetic states have been observed.
Currently, most of the high-pressure studies on manganites are on MITs and at low pressures (р2 GPa). In the low-pressure range, this electronic transition is coupled to the ferromagnetic transition, which can be explained qualitatively by double exchange theory. 3, 4 It is also found that hydrostatic pressure has similar effects to chemical doping with larger atoms and higher doping concentration. Both can increase the MnuOuMn bond angle, compress MnuO bond length and, hence, lead to larger bandwidth. Correspondingly, T C ͑or T MI ) increases, or in some manganites originally in insulating state, a MIT is induced. The effect of chemical doping and pressure can be scaled to each other with a conversion factor of 3.75ϫ10 Ϫ4 Å/kbar. 5 However, most pressure experiments were conducted below 2 GPa.
By applying pressures up to ϳ6 GPa on manganite systems with a broad range of bandwidths, the effect of pressure on the MIT and the correlation between the external pressure effect and the chemical doping were observed. It is found that T C and/or T MI do not change monotonically with pressure 6 and these two transitions do not always couple. 7 A universal pressure may exist for the MIT in manganites. With an increase of the bandwidth, the change in the MIT temperature with pressure may vanish.
To systemically explore the external pressure and chemical doping effects and the correlation between them, manganite systems with much different ground magnetic and electronic states, Nd 1Ϫx Sr x MnO 3 (xϭ0.45, 0.50͒ ͑NSMO͒, The samples were prepared by solid-state reaction. The procedure and details of preparation were described elsewhere. 6, 8, 9 All samples are characterized with x-ray diffraction and magnetization measurements. The details of the high-pressure resistivity measurement method and error analysis were described previously. 6 The MIT temperature whenever present is defined as the temperature at the resistivity peak. Because of the lower temperature stability of our system in the cooling cycle, the data were collected only while warming up.
In all the samples studied, there is a MIT at ambient pressure or a MIT can be induced by applying pressure. Corresponding to the bandwidth phase diagram in Ref. In Table I , ͗r A ͘, the tolerance factor t, and MIT temperature at ambient pressure, which corresponds to the bandwidth, are listed. The average MnuO bond length and MnuOuMn bond angle of all samples determined from the Rietveld refinement to the x-ray diffraction patterns are shown in Fig. 1 . According to Eq. ͑1͒, with increasing ͗r A ͘ or t, the decreasing bond length and bond angle lead to increasing bandwidth W and, hence, increasing T MI .
With the application of pressure, the MIT temperatures of the samples which have a MIT at ambient pressure increase. In the narrow bandwidth Pr 1Ϫx Ca x MnO 3 system, the samples are insulating at ambient pressure. Under pressure, MITs are induced. With a pressure increase, the behavior of the T MI is similar to other samples with a larger bandwidth. When the pressure is above a certain point, the increasing trend of T MI of all samples is reversed. The evolution of the transition temperatures of all samples is shown in Fig. 2 .
In Fig. 2 , the most salient feature is that a critical pressure P* exists in each sample: With a pressure increase, below P*, T MI increases; above P*, T MI decreases. By fitting T MI versus P plots with a third-order polynomial, P* for each sample can be extracted and is listed in Table I . Within the fitting error, the samples have the same critical pressure P*. One exception is the NSMO45 sample. The P* determined from the T MI is small. But, if we look at the resistivity changes with pressure, its critical pressure is the same as other samples. This may come from the high-temperature limit of the instruments which leads to the fact that the T MI near the limit in the middle pressure range cannot be determined. 9 In large bandwidth samples, the change of T MI with pressure is slower than in narrow bandwidth ones, indicating that the large bandwidth samples are more stable under pressure. The samples studied are selected with different doping concentrations and from different doping systems. The bandwidths span a large range. The samples also have rather different ground-state electronic and magnetic properties at ambient conditions. But, the MITs in these samples all follow a similar behavior, therefore, it is reasonable to speculate that the critical pressure P* is universal for the MITs in manganites. From the structural measurements on manganites, 6, 10, 11 the behavior of T MI under pressure could possibly be ascribed to a local atomic structure transformation of the MnO 6 octahedra.
Under pressure, the smaller bandwidth samples seem to a have smaller pressure range in which the samples are metallic at low temperature and outside which they are insulating. On the other hand, the samples with a large bandwidth   FIG. 1 . MnuO bond length and MnuOuMn bond angle of samples at ambient conditions. Note: The abscissa gives the samples, the numbers indicate the concentrations of the doping elements in percent; p represents Pr, c represents Ca, ᐉ represents La, y represents Y, n represents Nd, and s represents Sr. are more stable under pressure and the variable range of T MI is small, and they do not become insulating in a larger pressure range. The lower stability of T MI in small bandwidth samples may come from the small A-site atoms, which leave more space between the octahedra for them to rotateaccordingly, a smaller pressure window for the metallic state. In Fig. 2 , the large bandwidth samples have higher MIT temperatures. The only exception is that in the Nd 1Ϫx Sr x MnO 3 system, the xϭ0.5 compound nominally has a larger bandwidth than the xϭ0.45 compound but has a lower T MI . This possibly results from the strong charge ordering effect in Nd 0.5 Sr 0.5 MnO 3 .
The rate of change of the MIT temperature with pressure at the ambient pressure, dT MI /dP at Pϭ0, is also interesting. The values of dT MI /dP extracted from the third-order polynomial fitting results are listed in Table I . Clearly, the smaller the bandwidth, the larger dT MI /dP, indicating that the local structure of the smaller bandwidth sample is more distorted and has a relatively large degree to which it can be compressed by pressure.
In summary, by applying external pressure on manganites of different chemical doping systems and doping concentrations and, hence, different e g electron bandwidths, it is found that the pressure effect on the MIT in manganites is not equivalent to that of the chemical doping. Only at low pressures is the pressure effect on the MIT analogous to the chemical doping with elements of a large atom size. With a pressure increase, the trend of T MI increasing with pressure is reversed at a critical pressure, above which the transition temperature decreases with pressure and, finally, the material may become insulating. The critical pressure is found to exist in all of the samples studied and possibly is universal for the MIT in the manganites. The bandwidth ͑chemical doping͒ determines how stable the material may be under pressure. The larger bandwidth manganites are more stable under pressure and, therefore, have a smaller dT MI /dP near ambient pressure and smaller T MI variation under pressure. Because of the importance of the local atomic structure of the MnO 6 octahedra to the electronic and magnetic properties of the manganites, this work may also contribute to understanding the properties of thin films of manganites which are important in technological applications. This work is supported by the National Science Foundation under Grant No. DMR-0209243.
